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In terms of lattice dynamics theory, we study the vibrational properties of the oxygen-
functionalized single wall carbon nanotubes (O-SWCNs). Due to the C-O and O-O interactions,
many degenerate phonon modes are split and even some new phonon modes are obtained, different
from the bare SWCNs. A distinct Raman shift is found in both the radial breathing mode and
G modes, depending not only on the tube diameter and chirality but also on oxygen coverage and
adsorption configurations. With the oxygen coverage increasing, interesting, a nonmonotonic up-
and down-shift is observed in G modes, which is contributed to the competition between the bond
expansion and contraction, there coexisting in the functionalized carbon nanotube.
PACS numbers: 63.22.+m; 78.30.-j; 61.46.Fg
Chemical functionalization of carbon nanotubes could
offer new and promising avenues to process and assem-
ble tubes, add sensing capabilities, or tune their elec-
tronic properties, which are the subject of intensive
research.[1, 2] When the functional groups are chemi-
cally bonded to the nanotube wall, the tube geometry
can be significantly changed. As a result, the C-C force
constant and thus the vibrational properties of nanotube
will be largely modified. For example, an obvious upshift
in the tangential mode vibrations (so-called G modes)
was observed experimentally in both single-walled carbon
nanotubes (SWCNs) and multi-walled carbon nanotubes
(MWCNs) in the acid treatment.[3, 4] For the physically
doped nanotubes, such a frequency shift was usually at-
tributed to the variations in the C-C bonds on nanotube,
induced by the charge transfer.[5, 6, 7, 8] In the chem-
ically processed nanotubes, however, there exists much
stronger interaction between the functional groups and
nanotubes, which is of particular importance in the char-
acterization of nanotube-based device. So far, there were
few, if any, works reported on how functional groups af-
fect Raman shift in the nanotube. For nanotube-based
device applications, this is an outstanding issue and its
clarification is greatly desirable.
An oxygen molecule (O2) can be regarded as a sim-
plest kind of functional groups. It was reported that oxy-
gen molecule is very reactive to SWCNs with diameter
below 1nm, and the oxidation can even occur at room
temperature,[9, 10] forming an oxygen-functionalized
SWCN (O-SWCN). Such oxidation can dramatically in-
fluence the nanotubes’ electrical resistance, thermoelec-
tric power, and local density of states. The Raman shift
and even some new vibrational modes may be expected
in such an O-SWCN, which may be characterized by Ra-
man spectroscopy. Therefore, the study of the oxygen
chemisorption effects on Raman modes can be very help-
ful to explore the underlying mechanism of the Raman
shift in the functionalized nanotubes.
As two types of the most important Raman modes,
the radial breathing mode (RBM) and G modes are
widely used in the estimation of diameter distribution
of nanotubes.[11, 12] To assign the Raman peaks of an
O-SWCN, the frequency shift in these modes should be
fully taken into account. In addition, an O-SWCN can
form several possible configurations, leading to different
electronic properties[10], which depend not only on the
adsorbed sites and coverage but also on whether the O-
O bond breaking or not.[9, 10] It was reported that an
SWCN with high adsorbed oxygen has a higher electrical
conductance than one with less adsorbed oxygen.[13] How
about the influence of the adsorption configurations and
coverage on the vibrational properties of an O-SWCN?
In the lattice dynamics, it is still an open question and
should be further explored.
In this paper, we study the vibrational properties of the
O-SWCNs in terms of lattice dynamics theory. Due to
the C-O and O-O interactions, many degenerate phonon
modes are split and even some new phonon modes are
obtained, different from the bare SWCNs. A distinct Ra-
man shift is found in RBM and G modes, depending not
only on the tube diameter and chirality but also on oxy-
gen coverage and adsorption configurations. With the
oxygen coverage increasing, interesting, a nonmonotonic
up- and down-shift is observed in G modes, which is con-
tributed to the competition between the bond expansion
and contraction, there coexisting in the functionalized
carbon nanotube.
As typical example, we consider the cycloaddition
structure for the O2 adsorption on achiral tube. From
previous report, the two configurations, O2 on top of an
axial C-C bond (site TA) and on top of a zigzag C-C
bond (site TZ), can lead to chemisorbed structures via
cycloaddition (also see Fig. 1), which shall be the fo-
cus of present work. To achieve the optimum structure
of the O-SWCNs, first-principle plane-wave pseudopoten-
tial density functional theory (DFT) is used, performed
2in the CASTEP code.[14] For a simplification, we choose
a unit cell of about 4.26A˚ to be a supercell in zigzag tube,
while two unit cell of about 4.92A˚ in armchair tube.[15]
The validity of the optimum results has been confirmed
by using even larger supercell.
Fig. 1 shows the optimized geometries of a (10,0) O-
SWCN in both TA and TZ configurations, which are sim-
ilar with the previous results.[9, 10] Interestingly, both
the expansion and contraction of the C-C bonds are
obtained in the O-SWCN, different from the physically
doped SWCNs only with a bond expansion or contrac-
tion. In TA configuration, for example, three C-C bonds
at the adsorbed site are markedly expanded to be 1.500,
1.498 and 1.521A˚, respectively, while the bonds near the
adsorbed site is contracted, there appearing a minimal
length of about 1.374A˚, shorter than 1.417A˚ of the bare
tube. Far from the adsorbed site, little change in the
C-C bonds is observed, almost not affected by the oxi-
dation. The bond expansion can be understood by the
fact that a strong C-O covalent bond has been formed
by the introduction of holes into the pi∗ orbital,[7] form-
ing a sp3-like rehybridization at the adsorbed site. This
leads to the bond length increasing, different from the Br2
donor graphite intercalation compounds, in which the C-
C bonds still keep sp2 hybridization. As for the bond
contraction, it is mainly contributed to the charge trans-
fer from SWCN to oxygen,[5, 6, 7, 8] similar to that in
the physically doped SWCNs, where the gain (removal)
of electrons induces the C-C bond expansion (contrac-
tion) and thus resulting in a downshift (upshift) in G
modes.[7, 8] The coexistence of the bond expansion and
contraction may indicate a new mechanism of Raman
shift in the functionalized SWCNs.
For the lattice dynamic calculations, the vibrations
of the carbon atoms on the nanotube can be modeled
by the force constant model in terms of the force con-
stants of graphene, up to the fourth next neighbor-
ing interaction.[16] To incorporate the oxygen adsorp-
tion effects, the C-C force constants have been corrected
through the distorted bond lengths obtained above.[17,
18] As for the C-O and O-O bond interactions, we use
the well-known Tersoff-Brenner bond order potential,[19]
and the potential parameters in Ref.20. Shown in Fig.
2 are the phonon dispersions of the (10,0) bared SWCN
and O-SWCN in TA configuration. For the O-SWCN,
there are three acoustic phonon modes at around Γ point:
two transverse, one longitudinal, similar with the bared
SWCN. However, the twisting mode has a non-zero fre-
quency of about 20cm−1 at the center of Brillouin zone,
different from the bared SWCN, which is attributed to
the tube geometry distortion and the oxygen vibrational
interaction. Due to the tube symmetry destruction, in-
terestingly, many doubly degenerate phonon modes are
split. For example, the lowest E2g mode is split into two
absolute subbands at 58cm−1 and 68cm−1, shifted from
62cm−1 of the bared SWCN. Such splitting will have
an important influence on the low-temperature specific
heat.[21] Also, some new phonon modes appear below
300cm−1 with nearly linear dispersion, which can be con-
tributed to the O-O bond stretching vibrations and the
coupling vibrations between the oxygen and the tube.
Moreover, the highest frequency mode of 1607cm−1 is
newly obtained at Γ point, higher than 1600cm−1 of the
bare tube, which is ascribed to the strong C-O stretching
vibrations. Similar results are also obtained in TZ con-
figuration. The splitting of Raman modes and the new
vibrational modes are expected to be observed by Raman
spectroscopic experiment.
Also shown in Table 1 are the RBM and G mode fre-
quencies of the (10,0) O-SWCN in both TA and TZ con-
figurations. For the bare (10,0) tube, the RBM frequency
is obtained to be of 294cm−1, in good agreement with the
experiment and the first principle results.[25, 26] In the
TA (TZ) configuration of the O-SWCN, the RBM fre-
quency downshifts to be 278cm−1(276cm−1), decreased
by 16(18)cm−1, while the upshifts are obtained in the
G modes, increasing by 8(4)cm−1 in E1g, 6(13)cm
−1 in
A1g, and 7(3)cm
−1 in E2g, respectively. It is shown that
the frequency shift in both RBM and G modes depends
strongly on the adsorption configurations, which should
be considered in the nanotube characterization by the
Raman spectroscopic experiment.
To explore the dependence of the Raman shift on the
tube diameter and chirality, we calculate the RBM of
armchair (5,5) and zigzag (8,0) O-SWCNs, which have
the similar tube diameter. For the (5,5) O-SWCN, the
O-O bond direction is perpendicular to the tube axis. In
the case of the (8,0) O-SWCN, the TA configuration is
considered. For the bare and oxygenated (8,0) SWCNs,
the RBM frequencies are obtained to be 359 cm−1and
329cm−1, respectively. The frequency shift in RBM,
∆ω = −30cm−1 is much lager than that of (10,0) O-
SWCN. This indicates the dependence of the Raman shift
on tube diameter, i.e., the larger the frequency shift, the
smaller the tube diameter. In the (5,5) O-SWCN, on the
other hand, the RBM frequency of about 272 cm−1 shifts
from 336cm−1 of the bare (5,5) tube. The frequency shift
(∆ω = −64cm−1 ) is larger than two times that of the
(8,0) O-SWCNs. At a given tube diameter, obviously, an
armchair tube is more sensitive to the oxidation than a
zigzag one, showing up a chirality-dependence of the Ra-
man shift. The results give a possibility to determine the
tube diameter and chirality of the O-SWCNs by Raman
spectroscopic experiment.
Now we further study the dependence of Raman shift
on the coverage (defined by O/C ratio x). As a typical
example, Fig.3 shows the frequency of E
1g
mode (one of
G modes) in the (10,0) O-SWCN with TA configuration
as a function of x. For a given x, there may be much
many configurations. To obtain the qualitative relation
between Raman shift and the coverage, the oxygen atoms
are simply considered to be averagely adsorbed as possi-
ble, especially for a large x. From Fig. 3, E
1g
mode first
upshifts and then downshifts with x increasing. There
exists a maximum of 1611cm−1 at x = 0.25, showing a
nonmonotonic behavior of the frequency shift. At half
3coverage (x = 0.5), it even downshifts to be 1580cm−1,
lower than 1585cm−1 of the bare SWCN. For other G
modes, the frequency shift in both A
1g
and E
2g
is also
calculated, which has the similar dependence on cover-
age to that in E
1g
. In order to explore the origin of the
G mode shift, we remove the C-O vibrational interac-
tions and recalculate the E
1g
mode in terms of the same
optimum geometry above. As a result, the frequencies
are overall downshifted, lower than those in the presence
of the C-O vibrational interactions, as shown in Fig. 3.
Therefore, it is shown that there exists a large contribu-
tion of the C-O vibration to the upshift in G modes.
In the absence of the C-O vibrational interactions, also,
the nonmonotonic behavior is still obtained for the fre-
quency shift in E
1g
modes. This may be due to the
competition between the rehybridization induced bond
expansion in the bonds at the adsorbed sites and the
charge transfer induced bond contraction in the bonds
near the adsorbed site. At low coverage, the bond con-
traction effect is dominant, leading to the upshift in G
modes, while the bond expansion effect would become
predominant at high coverage, resulting in an decrease
of G mode frequency with x. Therefore, there may exist
a new competition mechanism between the bond expan-
sion and contraction, coexisting in the functionalized nan-
otube, different from the physically doped SWCNs.[7, 22]
In some alkali-metal doped nanotube bundles, the simi-
lar changes in G modes with the coverage had been ex-
perimentally observed via vapor phase doping or redox
reaction.[23, 24] Consequently, our results can contribute
to the understanding of the origin of the G mode shift
in the functionalized carbon nanotube. In the case of
neglecting the C-O vibrational interactions, in addition,
there exists a locally minimal frequency of E1g mode at
x = 0.1. In this case, the O-SWCN is considered to have
its highest symmetry of mirror symmetry. To understand
this local minimum, we recalculate the E1g mode at the
same coverage but an asymmetrical configuration. The
obtained frequency of 1592cm−1 is higher than 1586cm−1
in the symmetrical case, which further shows the depen-
dence of Raman shift on the configurations.
In summary, the vibrational properties of oxygen func-
tionalized nanotubes are studied in terms of lattice dy-
namics theory. Due to the C-O and O-O vibrational in-
teractions, many degenerate phonon modes are split and
even some new phonon modes are obtained, which can be
observed in the Raman spectroscopic experiment. Also,
the Raman shift is observed in the O-SWCNs, depend-
ing not only on the tube diameter and chirality but also
on oxygen coverage and adsorption configurations. It is
found that the bond expansion and contraction coexist
in the functionalized carbon nanotube. With the cover-
age increasing, a nonmonotonic behavior of the G mode
shift is obtained, which is contributed to the competi-
tion between the bond expansion and contraction. The
results can be helpful to the characterization and practi-
cal application of functionalized carbon nanotube-based
device.
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Table. 1. Frequencies of RBM and G modes of the
bare (10,0) SWCN and O-SWCN in both TA and TZ
configurations (in units of cm−1).
Figure. 1. Optimized structures of (10,0) O-SWCNs
in (a) TA and (b) TZ configurations.
Figure. 2. Phonon dispersion relations of the (10,0)
SWCN (a) and O-SWCN in TA configuration (b).
Figure. 3. E1g mode frequency of the (10,0) O-SWNT
in TA configuration as a function of the coverage x in
both the absence and the presence of the C-O vibrational
interactions.
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Table. 1. Frequencies of RBM and G modes of the bare (10,0) SWCN and O-SWCN 
in both TA and TZ configurations (in units of cm-1). 
 
 
 
 
G Modes 
 RBM 
E1g A1g E2g 
SWCN 294 1585 1566 1535 
Site TA 278 1592 1572 1543 
Site TZ 276 1588 1579 1539 
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